The development of new active optical fibre devices requires materials with « augmented » intrinsic properties, though using luminescent ion (LI) -doped silica as host glass. Optical fibers containing Dielectric Nanoparticles (DNP) grown by phase separation are proposed. DNP would optimally fully encapsulate LI to produce « engineered » spectroscopic properties. To determine the composition of DNP, Secondary Ion Mass Spectrometry imaging at high spatial resolution is employed. 14.
Introduction
Silica glass as a fiber host material has proved to be very attractive for developing efficient fiber amplifiers and high-power fiber lasers [1] . While this glass offers many advantages such as reliability and low cost, it suffers from limitations in term of spectroscopic properties. Thus, the development of new active optical fibre devices requires materials with « augmented » intrinsic properties, though using luminescent ion (LI) -doped silica as host glass. Dielectric nanoparticles (DNP) in optical fibers are thus considered as they can combine the sturdiness and low cost of silica with particular spectroscopic behavior that would not appear in a pure silica local-environment [2] [3] [4] [5] [6] . DNP would optimally fully encapsulate LI to produce « engineered » spectroscopic properties. This technology will be of great interest for a large domain of applications: high power fibre lasers, random lasers, light sources with new wavelengths, telecommunications.
The original route proposed by LPMC to obtain DNP in fibers is based on the industrial MCVD (Modified Chemical Vapor Deposition) process [7] . As silicate systems have a strong stable immiscibility when they contain divalent metal oxides, we take advantage of thermal treatments inherent to this process to obtain DNP through the phase separation mechanism. Through this route, DNP are grown in-situ within the material. Regarding environmental and health considerations, this is of great interest to avoid handling of and exposure to nanoparticles.
When Mg ions are incorporated, modifications of the erbium spectroscopy have been reported as the alkaline-earth ion concentration increases [8] . However, as DNP are obtained through phase separation, the Er 3+ ion environment is unknown a priori and needs to be determined at the nanometer scale.
Analytical techniques to determine the composition at nanometer scale are scarce and most of the time require specific sample preparation which restrict their use. Some analyses are performed on fiber preforms with a core diameter of ~1 mm. It is then assumed that the composition is unchanged in the fiber. However, the fiber drawing step requires heating the fiber up to 2000°C and therefore some changes may be expected. Analyses on fibers are preferable but the region of interest is restricted to the core which has a diameter of ~10 µm (the external diameter of the fiber is 125 µm). One of the more standard analytical techniques used to probe fiber is EDX (Energy Dispersive X-ray) coupled with TEM (Transmission Electron Microscopy). Nanometer resolution is reached only if the thickness of the sample is less than 10 µm. Moreover, the exact determination of the composition can be hard to achieve as some X-ray emission bands can overlap, such as those of Mg (K) and Ge (L) which are of interest in our compositions.
In this work, we used Secondary Ion Mass Spectrometry (SIMS) imaging, a surface analysis technique, to investigate the composition of the DNP localized in the fiber core. This technique has been successfully applied previously to determine the distribution of elements in homogeneous fibers [9] . The Nanosims50L [10] [11] [12] instrument utilized in this study combines analysis at high spatial resolution (35 nm) with the simultaneous detection of up to 7 secondary ions sputtered from the same probed nano-volume. This makes the Nanosims50L particularly suitable to investigate heterogeneous materials such as nanoparticle-doped fibers. In addition, this technique only requires the fibers to be cleaved for analysis.
With SIMS imaging we demonstrate without ambiguity the partition of Mg, P and Er in DNP. When increasing the Mg concentration, the Si concentration in DNP decreases, which helps explain the spectroscopic behavior of Er.
Experimentals
Preforms were fabricated by the conventional MVCD technique [13] . The so-called "solution doping technique" [14] was applied to incorporate magnesium and erbium ions: the core porous layer, doped with GeO 2 and P 2 O 5 , is soaked with an alcoholic solution of ErCl 3 :6H 2 O and MgCl 2 :6H 2 O of desired concentrations. After drying of the solvent, the core layer is sintered down to a dense glass layer. Then the tube is collapsed into a solid rod, referred to as preform, at an elevated temperature higher than 1800 °C. Preforms are stretched into 125-µm fibers using a drawing tower at temperatures higher than 2000 °C under otherwise normal conditions. Here we report on samples labeled as Mg-0.1 and Mg-1, doped with solutions containing 0.1 and 1 mol/l of Mg salts, respectively. The erbium concentration of 0.01 mol/l was kept constant in the solution. The attenuation coefficient due to absorption by Er 3+ ions at 1.53 µm was measured to be 9 dB/m in Mg-0.1. From this value and the estimated overlap between the guided mode and the doped region, the erbium ion concentration was estimated to be ~200 ppm. The concentrations of MgO, P 2 O 5 and GeO 2 are discussed in the next section. The core of the fiber is 8 and 10 µm in Mg-0.1 and Mg-1, respectively. Optical losses induced by the DNP have been discussed in a previous paper [8] .
For the sample preparation, 200 fibers, side by side, were embedded longitudinally in a resin in a 10 mm diameter and 5mm height stub. The embedded fiber end face cleaved surfaces were then polished with a 3µm diamond paste. The sample was coated with a 40nm gold layer to allow for charge dissipations during SIMS analysis.
SIMS measurements were performed using the Nanosims50L instrument (Cameca) at PSSRI (Planetary and Space Sciences Research Institute), UK. A 16keV positive cesium ion beam was scanned over the sample. The size of the cesium beam on the sample was 60nm or 120nm depending on the resolution that needed to be achieved. The image was obtained by rastering the probe over the sample and recording the intensity variation of each secondary ion for every probe location. Small field images, 4µm×4µm were acquired with a probe of approximately 60nm and an array of 64×64 pixels. For larger images, 15µm×15µm, the probe size was 120nm and pixel array was 128×128. Image acquisitions were run as a serie of several scans at the rate of 100s per plane. The negative Secondary Ions (SI) of interest, Si -, P -, MgO -, Ge -and ErO -, sputtered from the same nanovolume, were simultaneously detected by 5 electron multipliers. In order to keep the SI transmission maximal, the mass resolution was set to less than 5000 since no mass interferences had to be resolved for the SI considered here. Nanosims50 data were analyzed with the software developed at the National Resource for Imaging Mass Spectrometry, Cambridge, USA.
Results and discussion
The distributions of the elements Ge and P in the core of the fiber are shown in Fig. 1 . Germanium ions are distributed homogeneously over a ring in both fibers. The dark central part of the core is caused by the evaporation of germanium ions. This is a common artifact of the MCVD technique that can be corrected through process optimization. The diameter of the Ge-ring (which is assumed to be the core of the fiber) is 8 and 10 µm in Mg-0.1 and Mg-1, respectively. Phosphorus is clearly heterogeneously distributed and partly segregated within nanoparticles whose formation is known to be triggered by the incorporation of alkaline-earth ions [8, 15] . In the case of Mg-1 it can be noticed that nanoparticles are not confined to the core (as for Mg-0.1) but also spread into the optical cladding which contains phosphorus. For clarity, the Mg distribution is not shown on these figures but matches the one for P. It is then assumed that, due to the higher content of Mg in Mg-1, this element can migrate outside the core of the fiber and forms nanoparticles with the phosphorus ions present in the optical cladding.
To compare the average global composition of the core of the fibers Mg-1 and Mg-0.1, number of counts for P, MgO, Ge and ErO were extracted from several 4µm×4µm SIMS zoomed images of the part of the fiber core containing the nanoparticles. More specifically, the data reported in figure 2 are the number of counts (×100) for a specific element extracted from the whole image normalized to the number of counts of all elements, i.e N p +N MgO +N ErO +N Ge . It is well known that the number of counts for a specific ion obtained in SIMS strongly depends on its chemical environment, its electron affinity and many other parameters. Then, we only compare the qualitative information relative to an element in both fibers. Conclusions regarding the relative elemental composition within one fiber are not possible from the present SIMS data. This type of study would require the use of various standards of known concentrations for P, Mg, Er and Ge [16] . The results reported on Fig. 2 clearly indicate that the signal for P, Ge and Er are of the same magnitude for both fibers. However, the Mg signal is ten times lower in Mg-0.1 than in Mg-1. This result is not surprising since both fibers were fabricated with the same recipe, except for Mg whose concentration in the doping solution is ten times lower in Mg-0.1 than in Mg-1. The fiber compositions were also estimated from EPMA (Electron Probe MicroAnalyser) measurements and the results are in good agreement with that obtained from the SIMS analysis Indeed, it was found that P 2 O 5 , GeO 2 and Er 2 O 3 concentrations of approximately 0.35 mol%, 0.8 mol% and 200 ppm respectively are similar in both fibers. In the case of MgO, the concentration in Mg-0.1 and Mg-1 are estimated to be 0.1 mol% and 1.4 mol%, respectively. These results obtained from 2 different techniques show that the overall compositions of the fibers are the same, except for the Mg content. Fig 3 shows the 4µm×4µm zoomed SIMS images of the part of the core fiber containing the nanoparticles for the Si, P, MgO, ErO and Ge elements. Images are obtained from the sum of 11 and 21 acquisition planes for Mg-0.1 and Mg-1, respectively. P, Mg and Er elements are clearly partitioned into the phase-separated region whereas Germanium seems to be present at the same concentration, inside or outside the particles, for both fibers.
To further discuss the relative composition of the particles, we report the variation of the secondary ions intensity across the particles in Fig.4 for every element. These profiles correspond to the particles indicated by an arrow in Fig 3 and the line profile is shown as a white line in the P image. From the results reported on Fig. 4 , P, Mg and Er signals present a maximum at the same position in the line scan which corresponds to the position for the particle. This maximum is associated to a minimum for the Si signal. The Ge signal intensity remains constant in both the particle and the matrix. It can be noticed that the width of the intensity distribution, clearly visible from the profiles for P and Mg elements, is twice as broad in fiber Mg-1 compared to Mg-0.1. This width is related to the size of the particles. For increased accuracy, the particle diameter was estimated from a depth profile analysis of the Phosphorus SIMS image rather than from the line scan. Briefly, in SIMS, the depth resolution is much better than the lateral resolution which is related to the size of the probe. Given the probe current (1pA) used to acquire the SIMS image of Fig. 4 and a dwell time of 20 ms/pixel, the thickness of the layer of atoms removed was estimated at 2nm/plane while the probe size was 60nm. Size measurements as well as characterization of the shape of the nanoparticles deduced from depth profile will be developed in another paper. Thus, the diameters of these two particles were estimated to be 60 nm for the Mg-0.1 fiber and 170 nm for Mg-1. Note that the size of the smaller particle is close to the size of the probe. This point is important, since we want to compare the composition of the nanoparticles for fiber Mg-1 and Mg-0.1. Indeed, in this case we can reasonably assess that the maximum intensities in the line scan are due to signal from the nanoparticle itself and do not result from the convolution of the particle and matrix signal. As the composition of SiO 2 is expected to change from 99 to 98 % between Mg-0.1 and Mg-1 the Si signal far from the particle should be very close in both fibers. The difference is 15% less in Mg-0.1 compared to Mg-1 but remains within the estimated error bar of 20% on the number of counts. The error bar was derived from the variation of the Si signal in the matrix near the particles within the same image from several regions of interest. These variations are attributed to the effects of sample charging during SIMS analysis.
The Si signal presents a depletion in the particle area for both fibers. The Si signal is depleted by 5% when compared to the matrix for the fiber Mg-0.1 and by 20% for Mg-1. For P and Mg ions, the intensity in the particle is ~2 times and 10 times higher respectively in Mg-1 and Mg-0.1. It is worth noting that there is still phosphorous ions in the matrix in Mg-0.1, while this signal is at the limit of detection in Mg-1. Despite low count numbers for Er, it appears that the nanoparticles from the fiber of low Mg concentration contain more Er than that in the fiber of higher Mg concentration. This latter behavior can be explained by the fact that the overall erbium ion concentration is the same in both fibers while the nanoparticles volumic fraction is ten times higher in Mg-1 compared to Mg-0.1. If we assume that the entire erbium ions are partitioned into nanoparticles then we expect the erbium concentration to be lower in nanoparticles from fiber Mg-1 as observed in Fig. 4 .
From these results we can conclude that, while the doping solution technique is usually used to prepare homogeneous core optical fiber, thermal treatments inherent to the MCVD process lead to a phase separation when an alkaline-earth element such as Mg is added to the doping solution. Through this mechanism, Er and Mg are totally partitioned within the nanoparticles while the migration of P within the particles depends on the Mg concentration. Mg and P concentrations increase in the particles while Si content decreases when Mg concentration in the doping solution is increased..
The changes in the nanoparticle composition evidenced through this Nanosims50 analysis can be correlated with Er 3+ ions spectroscopic properties reported previously [8] . Indeed, it has been observed that Er3+ spectroscopic features in Mg-0.1 were similar to those observed in silica glass while they shift to a phosphate-like behavior in the case of Mg-1.
Conclusion
To overcome some limitations inherent to silica glass with respect to spectroscopic properties of luminescent ions, optical fibers with a core containing luminescent ions doped nanoparticles have been developed. To understand the spectroscopic properties of the luminescent ions in these fibers, SIMS imaging at high spatial resolution (Nanosims50L) was used for the first time to assess the composition of nanoparticles diluted in a silica glass matrix in the core of optical fibers. In this work, SIMS evidenced the partitioning of P, Mg and Er into phase separated domains and demonstrated that the composition of the particle depends on the Mg concentration. The usual way to manage the transparency in fiber is based on a reduction of the nanoparticle size. However, in the process developed here, small particles are not desired as modifications of the Er 3+ spectroscopy are observed only in big (>50 nm) particles. Then optimization of the process would tend to optimize a low particle density.
